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Abstract
The motion of ferroelectric domain walls (DW) is critical for various technological applications of fer-
roelectric materials. One important question that is of interest both scientifically and technologically
is whether the ferroelectric DW has momentum. To address this problem, we performed canonical en-
semble molecular dynamics simulations of 180◦ and 90◦ DWs under applied electric field. Examination
of the evolution of the polarization and local structure of DWs reveals that they stop moving after the
removal of electric field. Thus, our computational study shows that ferroelectric domain walls do not have
momentum.
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Ferroelectric materials have been studied intensively due to their numerous important techno-
logical applications in electronics, optics, and acoustics. [1–4] In many cases, ferroelectrics adopt
a multi-domain state where domains with polarization uniformly oriented in one direction are
surrounded by domains with polarization pointing in other directions. The boundary separating
regions of different polarity is called a domain wall (DW). [1] The DW can be moved by external
electric field and stress, causing one region to grow. Therefore, controlling DW motion is critical
to applications of ferroelectric materials such as non-volatile random access memory. [5–8] Though
ferroelectric materials have been studied extensively for more than fifty years, the microscopic
understanding of how different types of DWs form and move remains incomplete. One unanswered
question is whether ferroelectric DWs exhibit real momentum. It is generally assumed that a
ferroelectric DW has real inertia, whereas the magnetic DW has no momentum. [9] However, there
are no conclusive observations, either experimentally or computationally, to support the existence
of momentum of ferroelectric DWs. On the other hand, recent experimental studies reveal that
magnetic domain walls can exhibit significant momentum. [10]
To model the dynamics of DWs, the simulation of a large system at finite temperature is usu-
ally required. To enable such simulations, we have recently developed a new type of interatomic
potential based on bond-valence theory. [11–15] The model potentials for two ferroelectric mate-
rials, PbTiO3 and BiFeO3, have been parametrized based on first-principles results. [14, 15] The
optimized potential is accurate for both constant volume (NV T ) and constant pressure (NPT )
conditions and sufficiently efficient for large-scale (≈1,000,000 atoms) molecular dynamics (MD)
simulations.
In this work, we use MD simulations to study the momentum of DWs in the classic PbTiO3
ferroelectric. As shown in Figure 1, the 180◦ DW (the wall separating regions with antiparallel
polarization) is constructed with a 24 × 8 × 8 supercell with polarization aligned along z axis.
The 90◦ DW (the wall separating regions with perpendicular polarization) is modeled with a
40 × 40 × 40 supercell with alternating domains having polarization in xy plane. To explore the
momentum of DWs, NPT MD simulations with a Parrinello-Rahman barostat are performed as
follows: first, the DW motion is initiated by applying an external electric field for a period of time;
then the field is turned off allowing the DWs to evolve freely. If the DW has real momentum, it
will keep moving after the electric field stimulus is removed. Given that accurate determination of
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the DW position is critical for the evaluation of momentum, we first determined the thickness of
DWs. As shown in Figure 2, we calculated the averaged polarization for each layer of cells across
the DWs at temperatures from 10 K to 240 K. We found that the 180◦ DW is 1-2 unit cells thick,
while the width of 90◦ DW is 4-5 unit cells (the half width of the polarization profile around the
domain boundary) at finite temperature.
The change of the overall polarization of the supercell directly reflects the DW motion. Figure 3
presents the change of Pz for 180
◦ DW under various pulses at 220 K. As the electric field is applied
along +z direction, the magnitude of Pz increases, suggesting the field-driven movement of DW
along +x. Once the field is turned off, two types of equilibrations are observed: 1) the magnitude
of Pz is reduced until it reaches equilibrium, for example for E = 1.8 MV/cm, tE=4 ps; 2) the
magnitude of Pz first decreases, then increases by a small amount and eventually equilibrates, for
example E = 2.2 MV/cm, tE=4 ps.
To elucidate the origins of these two types of equilibrations, we then carried out a close ex-
amination of the structure of 180◦ DW by analyzing the evolution of the local polarizations in
the supercell. Figure 4 presents the change of the polarization profile in response to a 4 ps-long
electric field pulse. The drop of Pz at the instant of field removal results mainly from the reduction
in the magnitudes of local dipoles that were aligned with the applied field (+z) and the increase
in the magnitude of the dipoles pointing toward −z. When the field is removed, both types of
dipoles return to their zero-field values. More importantly, both the polarization profiles and the
visualized domain patterns show that the position of the DW does not change once the field is
removed, which suggests that the 180◦ DW does not have momentum. The two types of polar-
ization responses are actually caused by the growth and annihilation of a nucleus at the domain
boundary. At 4 ps, we see from Figure 4(a) that the local dipoles in layer N = 16 were partially
switched at the time of field removal. Similarly, in Figure 4(b), it is observed that the switching
process in layer N = 16 has already started, but has not yet finished. This means the domain
wall is not flat during the motion. Figure 5 shows the changes of the dipoles in these two layers
in the absence of electric field. We can see that at 4 ps, the nucleus (number of red squares)
in N = 16 (E=1.8 MV/cm) is small and will eventually disappear, resulting in the reduction of
the polarization (Type 1 response). By contrary, the size of nucleus in layer N = 16 (E = 2.2
MV/cm) is already large; therefore, the nucleus can keep growing until the whole layer becomes
+z polarized. This spontaneous switching process is responsible for the increase of the polarization
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(Type 2 response). We therefore suggest that after the electric field is turned off, only the layers
in which the size of nucleus exceeds the critical size will finish the switching process in the absence
of electric field.
The evolution of Px for 90
◦ DW in response to different electric-field pulses at 200 K is shown
in Figure 6. Since the 90◦ DW energy is known to be about four times lower than 180◦ DW
energy [17], much smaller electric fields were applied along +x direction. The increased magnitude
of x-component of total polarization under electric field again indicates the movement of DWs
driven by field. Similar to what was found for 180◦ DWs, the removal of electric field results
in a decrease of Px. Figure 7 shows the changes of domain patterns and Px profiles for a 4 ps
0.4 MV/cm electric pulse. The motion of 90◦ DW (highlighted as red broken line) is evident from
0 ps to 4 ps. The overall result is the increase of the area of field-favored domains with the sacrifice
of domains with dipoles oriented oppositely to the field. Again, the domain patterns from 4 ps to
20 ps did not change, suggesting that 90◦ DW also does not have momentum. The main effect after
the field removal is the structural relaxation leading to reduction of the x-component polarizations.
In summary, we have explored the motions of both 180◦ and 90◦ domain walls in PbTiO3,
subjecting multi-domain samples to electric field pulse via molecular dynamics simulations. The
analysis of changes of polarization and evolution of domain patterns reveal that both types of
domain walls will stop moving when the electric field is turned off. Therefore, these ferroelectric
domain walls do not have momentum.
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FIG. 1: (Color online) Domain walls in PbTiO3. (a) 24 × 8 × 8 supercell used for 180
◦ DW. (b)
40 × 40 × 40 supercell used for 90◦ DW. (c) domain pattern of 180◦ DW in xz plane. (d) domain
pattern of 90◦ DW in xy pane. Each cell is colored based on the direction of the dipole: green
for +x, orange for +y, red for +z, and blue for −z.
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FIG. 2: (Color online) (a) Illustration of our choice of layer index, N , in DWs. The Ti-centered
unit cell is used for local polarization calculation. (b)-(c) Temperature-dependent polarization
profiles across the 180◦ DW and the 90◦ DW. (d) Temperature-dependent x-component and
y-component polarization profiles across the 90◦ DW from layer N=35 to layer N=50. Lines
with different color represent different temperatures: black, 10 K; red, 100 K; green, 160 K; blue,
200 K; orange, 220 K; magenta, 240 K.
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FIG. 3: (Color online) The evolution of z-component polarization of 180◦ DW in response of
electric pulse. Lines with different color represent different electric fields: red, 1.8 MV/cm;
green, 2.0 MV/cm; blue, 2.2 MV/cm; orange, 2.4 MV/cm; magenta, 2.6 MV/cm; cyan,
2.8 MV/cm. The electric field is turned off at 3 ps, 4 ps, and 5 ps, respectively.
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FIG. 4: (Color online) Evolution of the polarization profiles (left) and domain patterns (right) of
180◦ DW.
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FIG. 5: (Color online) Schematic representation of nucleus annihilation (top) and growth (bot-
tom) at domain boundary. The electric field is turned off at 4 ps.
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FIG. 6: (Color online) The evolution of x-component polarization of 90◦ DW in response of
electric pulse. The electric field is turned off at 3 ps, 4 ps, and 5 ps, respectively.
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FIG. 7: (Color online) Evolution of (a) the domain patterns and (b) polarization profiles of 90◦
DW experiencing 4 ps 0.4 MV/cm electric pulse.
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